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Storm-generated coral fragments - a viable source of transplants for reef

rehabilitation

Abstract

Coral reefs throughout the world have been damaged by storms, diseases, coral predators,
temperature anomalies, and human activities. During the past three decades, recovery has
been limited and patchy. Although a damaged coral reef cannot be restored to its original
condition, interest in reef restoration is increasing. In a pilot project in the Caribbean (U.S.
Virgin Islands), storm-produced fragments of Acropora palmata, A. cervicornis, and
Porites porites were collected from donor reefs and transplanted to nearby degraded reefs.
Sixty coral fragments were attached to dead-coral substrate (usually 4. palmata skeletons),
at similar depths from which they had been collected (1 to 3.5 m), using nylon cable ties.
Seventy-five intact colonies were designated as controls. Study colonies were assessed at
6-month intervals for 2 years (1999-2001) and annually thereafter (through 2004). One-
fourth of the 135 colonies and fragments monitored were alive at the conclusion of the 5-
year study. Survival of control and transplanted 4. cervicornis and P. porites was very low
(median survival 2.4 and 1.8 years, respectively), with no significant differences between
transplant and control colonies. Site and depth did not contribute significantly to A4.
palmata-colony survival, but colony size and transplant/control status did. Probability of
survival increased with colony size. Median survival for 4. palmata was 1.3 years for

transplant and 4.3 years for natural colonies when not controlled for size. Acropora
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palmata was the only viable candidate for reef rehabilitation. Storm swells were the

primary cause of mortality.

Keywords: Acropora palmata, acroporid, coral reef decline, coral reef rehabilitation,

fragmentation, coral transplants
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1. Introduction

William Beebe, clad in hardhat and heavy boots, crashed through thickets of Acropora
cervicornis as he studied the shallow reefs of Haiti in the early 1900s (Beebe, 1937). Since
that time, the undersea world has changed considerably, as have attitudes toward the marine
environment and particularly coral reefs. The accelerating degradation of and damage to
coral reefs worldwide continue to be widely reported in articles from the popular press to
scientific literature (e.g., Gardner et al., 2003; Bellwood et al., 2004; Pandolfi et al., 2005).
The list of proven and alleged causes is long and includes both natural events and human
activities. The scale of damage runs from local to global, and the degree of degradation
ranges from subtle signs to a seafloor scraped clean. Serial assaults from physical,
biological, and/or socioeconomic factors further impede recovery of damaged reef systems
(Birkeland, 2004).

The continuing decline of coral reefs has intensified interest in the restoration,
rehabilitation, and repair of damaged reefs. Approaches vary from selection of sites for
protection (Briggs, 2005) to development of conceptual principles to guide restoration
(Yap, 2000; Epstein et al., 2003) to immediate action in the field. Repair of coral reefs
began in response to severe damage from human activities: ship groundings (e.g., Davis,
1977; Hudson et al., 1989; Bruckner and Bruckner, 2001), thermal and sewage outfalls,
dredging, blast fishing (Fox et al., 2005), coral mining (Clark and Edwards, 1994), and
other localized destruction. Methods continue to be developed in response to the specifics
of damage and the goals of intervention, from repair of small-scale damage to restoration of

reefs (reviews by Jaap, 2000; Jaap et al., 2006): reattachment of displaced organisms;
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stabilization and reattachment of large blocks of reef framework; removal of fine detrital
material and rubble from pulverized corals and reef framework; transplantation of
scleractinians and octocorals from nearby reefs to completely scoured seafloor;
transplantation of rare corals from polluted to less impacted reefs (Plucer-Rosario and
Randall, 1987); and, for severe damage, construction of rock piles as stable substrate (Fox
et al., 2005) or rebuilding of reef framework using engineered structures (e.g., Hudson et
al., 1989; Clark and Edwards, 1994).

Damaged coral reefs cannot be restored to their original state. True recovery of a
damaged reef could take decades to centuries (Maragos, 1974), depending on the life
histories of the reef-framework-building species (Potts et al., 1985) as well as physical,
biological, and socioeconomic conditions at the site. Considerable controversy surrounds
whether restoration should be attempted at all, particularly in response to mortality
resulting from regional or global epizootics, temperature anomalies, predator outbreaks,
powerful storms or chronic environmental stressors, and if so, what methods should be used
(e.g., Jaap, 2000). Some critics argue that human intervention other than damage prevention
is a waste of time and resources (e.g., Edwards and Clark, 1998), particularly when the root
causes such as human-population pressures on marine and coastal resources are not
addressed (Birkeland, 2004; Kaufman, 2006). Critics also point to the significant disparity
that exists between the scale of restoration efforts (hundreds to thousands of square meters)
and the scale of reef degradation (hundreds to thousands of square kilometers). These
criticisms imply that local communities and reef managers should not act, even as key
species become locally or regionally threatened and critical reef function shifts, but should

wait until human pressures stabilize, marine and coastal resource use is sustainable, and
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restoration efforts can be scaled up to thousands of square kilometers. Because those
conditions may never be met, is it prudent and more realistic for local communities and reef
managers to identify key species and simple methods that could be used to repair damage to
or enhance reefs of economic, cultural, and ecological importance (Harriott and Fisk,
1988)? Over time, small-scale reef repair and enhancement activities could help slow reef
declines, shifts in system function, and local loss of species (Maragos, 1974). Restoration
of large areas or reefs damaged by chronic environmental impacts may not be reasonable or
feasible, but damage repair or enhancement on a limited scale for specific outcomes could
produce positive effects on multiple levels.

Acropora palmata and A. cervicornis are key reef-building species in the Caribbean
(Goreau, 1959) and dominated Caribbean reefs until 90-95% of colonies were decimated by
an epizootic of unknown origin in the late 1970s and early 1980s (e.g., Gladfelter, 1982;
Aronson et al., 2002). The dramatic declines of 4. cervicornis and A. palmata throughout
the Caribbean region in the past 30 years seem to be the first significant interruption in
dominance by these two species in the past 2 to 3 ka (Aronson et al., 2002; Shinn et al.,
2003; Hubbard et al., 2005). Diseases, storms, human activities, and other factors continue
to impede recovery of either species to early 1970s abundances (Knowlton et al., 1990;
Hughes, 1994; Aronson and Precht, 2001a; Nagelkerken and Nagelkerken, 2004; Acropora
Biological Review Team, 2005). In 2006, A. palmata and A. cervicornis became the first
coral species listed as threatened under the U.S. Endangered Species Act.

In response to declines of scleractinian coral on Caribbean reefs and to losses of 4.
palmata and A. cervicornis in particular, a pilot coral-transplantation project was launched

in Virgin Islands National Park (St. John, U.S. Virgin Islands; USVI). The primary research
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objective was to evaluate the feasibility of using storm-produced coral fragments as the
source of coral transplants to enhance degraded reefs. The working hypothesis was that
survival rates do not differ between corals occurring naturally on the reef and transplanted
coral fragments that were produced by storms. Transplantation of organisms is one of the
most commonly used methods in coral reef rehabilitation (Maragos, 1974). Nonetheless,
key questions remain regarding use of transplantation, even for small-scale damage repair
and reef enhancement. 1) What is the source of transplants, or — is it appropriate to degrade
one reef in order to repair or enhance another reef? 2) What will be the long-term survival
of transplanted corals and other organisms? 3) Does the outcome justify the costs —
environmental changes/losses from donor reefs, time or person days, and materials?
Survival of unattached coral fragments is generally low (e.g., Rogers et al., 1982; Lirman
and Fong, 1997; Lirman, 2000). Collection of unattached fragments from substrate or
environmental conditions unfavorable to survival followed by transplantation to degraded
or damaged reefs would be expected to: 1) maximize survival of fragments; 2) decrease
damage to intact colonies from unattached corals; and 3) over time, increase spatial
heterogeneity and abundance of key organisms on transplant-recipient reefs, thereby
assisting reef recovery (Shinn, 1976; Sleeman et al., 2005; Linares et al., 2008). By using
storm-generated coral fragments, one of the key concerns regarding transplantation is
resolved since no reefs or colonies are damaged to obtain transplants. As an ancillary
bonus, more fragments survive.

Acropora palmata (elkhorn coral), A. cervicornis (staghorn coral), and Porites
porites (finger coral) were selected for the study because all three scleractinian species: 1)

reproduce successfully via asexual fragmentation (Shinn, 1966; Highsmith, 1982; Potts et
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al., 1985; Fong and Lirman, 1995); 2) grow rapidly compared to other stony corals
(Goreau, 1959; Shinn, 1966; Gladfelter et al., 1978; Tunnicliffe, 1981); and 3) occur in
sufficient numbers as fragments and intact colonies on USVI reefs. An equally important
factor was the precipitous decline and lack of recovery of the important reef-builders, 4.
palmata and A. cervicornis. This study, built on decades of coral reef research, differs from
previous work in that: 1) transplant survival was followed for 5 years - longer than most
studies; 2) no coral colonies or donor reefs were damaged, because storm—generated coral
fragments were transplanted; and 3) fragment sizes were naturally and not experimentally

produced.

2. Materials and Methods

2.1 Transplantation

This research was conducted from May 1999 to July 2004 on four reefs in Virgin Islands
National Park (VINP; Fig. 1). One hundred thirty-five corals (60 transplanted fragments
and 75 control colonies; Table 1) were tagged, photographed, measured, and qualitatively
assessed at 6-month intervals from May 1999 to July 2001 and annually from July 2001 to
July 2004. Two factors limited the final number of transplanted fragments (60): the
scarcity of A. cervicornis and P. porites fragments (4. palmata was abundant); and the time
required to monitor and measure transplants and control colonies. Storm-generated
fragments of the three species of branching coral [elkhorn, staghorn (axial fragments only),

and finger coral] were collected from shallow (1 — 3 m) sandy or bare substrate unfavorable
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for survival due to abrasion and tumbling (e.g., Bowden-Kerby, 2001). Handled as little as
possible, fragments were placed in buckets underwater, transported from the donor to
transplant-recipient reef in covered buckets of seawater via boat, and transferred in buckets
underwater, from the boat to the recipient reef. Inert nylon cable ties were used to attach
each fragment to coral skeleton (Fig. 2A, B) in an orientation consistent with the growth
strategy of each species (Soong and Chen, 2003), at a similar depth from which they had
been collected. Dead, upright 4. palmata skeletons were the preferred attachment
substrate. They provided contoured surfaces to which fragments could be attached securely
above abrasive sand and sediment, they withstood pounding by waves in shallow waters,
and they indicated that the site had been suitable for coral growth. Maximum time between
removal of a fragment from the donor reef and attachment to the recipient reef was 3 hours.
Only one species was collected and transplanted per day. Initial attempts to clean dead-
coral skeleton and attach fragments using epoxy were unsuccessful, messy, expensive,
labor intensive, and time consuming. Donor sites were selected based on availability of at
least 15 healthy unattached fragments of one species in an environment unfavorable for
coral survival (e.g., on sand and in a surge zone). Acropora palmata fragments were
plentiful (Grober-Dunsmore et al., 2006), particularly at certain times of the year, whereas
healthy A. cervicornis and P. porites fragments were limited. Transplant-recipient reefs
were chosen based on similarity to donor reefs (i.e., water quality, light regime, depth,
water-residence time, community composition). Trunk Cay (Fig. 1; Table 1), offshore from
a popular beach visited by 200,000 visitors annually (VINP unpublished data), was chosen
as the primary transplant-recipient reef based on depth, presence of intact dead 4. palmata

skeletons for attaching fragments, and opportunity for public education. A second
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transplant and control site (Whistling Cay; Fig. 1; Table 1) was selected because it provided
greater protection from open-ocean swells and human activities, in addition to satisfying
the same criteria (similar depth, water quality, presence of dead, intact 4. palmata). To
compare survival of transplanted fragments and intact coral colonies, an equal number of
control colonies of each species was monitored. To control for environmental/site effects,
control colonies were monitored on the reefs where fragments had been collected and
where they were transplanted (Table 1). All donor and transplant-recipient reefs had similar
and excellent water quality (pH, temperature regimes, salinity, nutrient concentrations, total
suspended solids, transmissivity, and extinction coefficients) and water-residence times
(Garrison and VINP unpublished data). Boat traffic was too hazardous for control-colony
monitoring at Scott Beach, and coral abundance was too low at Trunk Cay. Control
colonies were selected to be as similar to transplanted fragments as possible, based on size,
depth, and exposure to ocean swells. Each transplant and control colony was identified by
a numbered tag secured to the nearby reef.

Each colony was photographed and sketched, and live tissue on each branch and
base was measured at each evaluation. Presence of bleaching, paling, tissue lesions
(possible disease, predation, or physical damage), and predators (coral-eating snails,
Coralliophila spp., and damselfishes, primarily Stegastes planifrons) were recorded.
Measurement of 4. palmata and A. cervicornis colony dimensions was challenging because
of the energetic and dynamic nature of the shallow-reef environment and the highly
variable nature of 4. cervicornis and A. palmata growth. The morphology of a colony

commonly changed dramatically owing to loss of part of the colony structure in
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combination with growth of new branches. This rendered quantification of growth by

consistent measurement of the colony structures impossible.

2.2 Data Analysis

Coral colonies were considered dead and were removed from further inclusion in the
dataset if: 1) the entire colony or fragment disappeared and could not be relocated (physical
dislodgement), or 2) live tissue was not observed (100% tissue loss). To test for the effect
of colony size on survival, the size of each coral fragment and control colony was estimated
using the measurements of live coral tissue. The planar area (cm?) of live P. porites tissue
was derived from linear measures along the major (a) and minor (b) colony axes, as applied
to the equation for the area of an ellipse (A = mab). For 4. cervicornis colonies, the sum of
the linear measures (cm) of all live tissue was used (as in Knowlton et al., 1981). For A.
palmata, the maximum linear dimension of live tissue (cm) was found to be the best metric.
The increase (or decrease) in maximum linear dimension of 4. palmata and of the sum of
branch lengths in 4. cervicornis was considered the most conservative estimate and the best

indicator of growth (or tissue loss) in those species, on the basis of available data.

2.3 Survival-Model Specifications

Differences in probability of survival were assessed using the generalized linear model
module of Statistica 6.0 with a specified binomial distribution and a complementary log-log

(Clog-log) link. Logistic regression procedures offer an alternative to ordinary least-
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squares regression, since bivariate outcomes (e.g., survival or death) seldom meet statistical
assumptions required for standard regression procedures (Peng et al., 2002). Additionally,
the Clog-log link function is recommended when data are “interval-censored” (i.e.,
mortality occurs in continuous time, but events are observed at discrete intervals; Singer
and Willett, 2003).

A primary, multivariate regression was run examining the main effects of species,
location, transplant status, and depth on coral survivorship. Interaction effects of species
with time (i.e., non-proportional, time-dependent effects) and transplant status were
included by adding cross-product terms to the model. The effect of transplant status and the
maximum linear size on coral-colony survival were examined in a separate logistic model,
exclusively among 4. palmata colonies. Low sample numbers over time precluded analysis
of A. cervicornis and P. porites. To examine the effects of transplant status more closely
over successive time periods, transplant effects were allowed to interact generally with each
time period. Additionally, in an effort to provide some assurance that the effects of
transplant status were not attributable to pre-existing size differences (Table 2), transplant -
size interactions were included in an initial, preliminary model and were found not to
contribute to significant improvements in model deviance (Wald X* = 0.223, p = 0.637).
With this assurance of homogeneity among slopes, between transplant and control-colony
probability response to size effects, the interaction term was then excluded and the model
re-run with only main effects as recommended by Engqvist (2005). For all models,
however, best-fit model parameters were chosen on the basis of significant improvements
(p <0.05) in deviance statistics relative to nested models. This method of model building is

preferred over those based on asymptotic standard errors when sample sizes are relatively
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small (Agresti, 1996). Statistical tests of the reduced model parameter estimates were
assessed using Wald’s chi-square statistics (Wald X?). Standard errors supplied with
survivorship graphs are Greenwood’s approximations (Greenwood, 1926; Singer and

Willett, 2003).

2.4 Transplantation Costs

Efforts to collect, transplant, and secure coral fragments to the reef were inexpensive
despite three factors that increased the costs and time per transplant: this was a small-scale
pilot project; boats and scuba were used (even when not essential); and multiple attachment
methods were tested. Materials, boat and scuba, and scientist salary costs totaled US$1,250
or US$21 per transplant. Factoring out salary, transplantation costs decline to US$5 per
transplant. Without boat and scuba expenses (only snorkeling from shore), cost plummets
further to a fraction of US$1 per transplant for nylon cable ties. The time to collect,

transport, and attach each fragment to a reef 1 - 5 km distant was 0.6 hr.

3. Results

3.1 Colony Survival: Species, Transplant Status, and Size Effects

One-fourth (34) of the 135 monitored coral colonies and fragments were alive at the end of
the 5-year study. Of the 101 corals that did not survive, 58% had disappeared and 42% had

died (Fig. 3). The main effects of transplant status, site, and depth did not significantly
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contribute to overall differences in colony survival (overall model improvement); however,
species effects and species/transplant interactions did contribute (Table 3).

Colony survival varied among species, with survival of 4. palmata > P. porites > A.
cervicornis (Fig. 4A). Survival of transplant and control colonies differed through time for
A. palmata (Fig. 4B; Wald X*= 8.32, p = 0.004) but not for A. cervicornis or P. porites
(Table 3). Median survival was 2.4 years for 4. cervicornis, 1.8 years for P. porites, and 1.3
and 4.3 years for 4. palmata transplant and control colonies, respectively (Figs. 4A and B).
The relative risk of colony death or physical dislocation diminished at a constant rate
through time for both A. palmata and P. porites (Wald X*=4.79, p = 0.029). The relative
risk of A. cervicornis mortality was initially indistinguishable from that of P. porites or A.
palmata but increased at a constant rate through time (Wald X°= 12.32, p < 0.001; Fig.
4A).

The initial log-mean live-tissue size of transplant-coral fragments differed from
control corals across all species (Table 2). Tests for overall model fit indicated that the
main effect of log;p maximum linear size and transplant status of 4. palmata in Year 1
contributed significantly to reductions in model deviance (Table 4). However, Wald-based
statistical tests indicated that control and transplant A. palmata colony survival also differed
in Year 2 of the study (8 = 0.946, S.E. = 0.459, Wald X’ = 4.244, p = 0.039). The preferred
reduced model (Table 4) estimated the probability of 4. pa/mata transplant-colony
dislocation or tissue loss in the first year of monitoring was 2.3-fold greater than that of
control colonies (Wald X* = 6.90, p = 0.009). Regardless of status as a transplant or control

colony, however, for every 0.1 unit increase in log-maximum colony length, the probability
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of mortality or dislocation in the following year decreased by 15% (f = -1.60, 95% C.I. = -

2.59, -0.61; Fig. 5), indicating that size was a factor in survival of 4. palmata colonies.

3.2 Colony Growth

After 5 years, most of the surviving coral colonies showed a net increase in size: 67% of
fragments and 57% of control A. palmata colonies; the single surviving 4. cervicornis (a
control); and 75% of P. porites transplants. Colony mortality did not always follow loss of
live tissue in the previous year(s). Some 4. palmata colonies (fragments and controls)
sustained repeated physical breakage and periodic loss of live tissue over most of the
colony yet recovered and increased in size. Increases and losses in live tissue did not seem
to follow any discernible pattern subsequent to damage or a period of growth.
Transplanted A. palmata fragments commonly overgrew nylon cable ties, and a few
colonies grew along the uncut cable tie "tail,” depositing skeleton. Two out of three 4.
palmata transplants initiated growth over cable ties in an average of 3.3 months [standard
deviation (sd) = 2.4], and one-half of transplants completely overgrew the cable ties in 7.3
months (sd =4.6). Acropora cervicornis and P. porites tissue was not observed to
overgrow the cable ties, possibly an artifact of the small sample size combined with high
mortality or the different growth strategies of these species. Some A. palmata colonies
cemented to the substrate as early as 6 months after transplanting, yet others never
cemented after 7 yrs. Only 20% of A. cervicornis and 13% of P. porites transplants

cemented to the substrate during the study.
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3.3 Agents of Mortality

Physical dislodgement was the major cause of colony mortality over the 5-year study,
accounting for: 58% of both transplanted fragment and control-colony mortality overall;
83% of P. porites loss; and, 50% of A. palmata and A. cervicornis mortality (Fig. 3).
Dislodgement played an even greater role during the first 7 months of the study, causing
93% of both transplant and control-colony mortality, with only 7% attributed to a Category
5 hurricane. Greater survival of transplant than control P. porites and A. cervicornis
colonies in the first 7 months was most likely a result of attachment (Fig. 3); all fragments
were attached, whereas most control colonies were not.

Breakage of coral skeleton was commonly observed, usually in association with
strong ocean swells. Incidence of breakage was greater in control (17%) than transplant
(5%) colonies, presumably due to the larger size of most controls. The extent of breakage
ranged from the loss of small branches to removal of a colony’s entire vertical structure,
leaving only the encrusting base. Some A4. palmata colonies survived breakage multiple
times, resulting in highly transformed colony structures. In a few colonies, serial breakage
over 5 years produced a thicket of A. palmata clones. Direct damage to monitored colonies
by snorkelers or divers was never observed during the study.

Disease-like lesions were observed on 4. palmata and less often on A. cervicornis.
Confirmation of disease requires culture or molecular techniques and was outside the scope
of this study. However, the causative pathogen of acroporid serratiosis (Serratia
marcescens, Patterson et al., 2002) was identified (culture-based techniques) from a single

A. palmata colony on a study reef (Weil, 2004; Smith, G.W., personal communication).
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Predators feeding on coral tissue were rarely observed on monitored colonies, but predation
was inferred based on the pattern of tissue loss and the presence of the predators at the base
of a colony. Coralliophila spp. were observed feeding on both Acropora species. Tissue
loss on tips of A. cervicornis colonies appeared similar to that produced by Hermodice
carunculata grazing, but no feeding was directly observed. Because observations in the
final 3 years were at 12-month intervals, specific causes of mortality usually could not be

determined.

4. Discussion

Healthy storm-generated coral fragments collected from environments unfavorable for
survival and transplanted to degraded reefs survived and grew, with mixed results. Of the
three species studied, only 4. palmata was found to be a viable candidate for
transplantation in the Virgin Islands. At the end of the 5-year study, one in five transplanted
A. palmata fragments had survived and grown, in contrast to nearly 100% mortality of 4.
cervicornis and P. porites control and transplant colonies. Although the dramatic losses of
these two species could be an artifact of small sample size, these findings are in agreement
with research in the Caribbean region (e.g., Hughes, 1994; Aronson and Precht, 1997;
Rogers, 1999; Aronson and Precht, 2001b), with one exception (Vargas-Angel and
Thomas, 2002; Vargas-Angel et al., 2003). Despite being one of the major reef-building
species on Caribbean reefs for thousands of years (e.g., Aronson and Precht, 1997; Pandolfi
et al., 2005), 4. cervicornis currently does not seem to be a good candidate for

transplantation and will not be so until survival rates of natural colonies improve
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significantly. The high mortality may be due to underlying environmental and/or intrinsic
factors unfavorable to survival of these species. However, shallow coral reefs are highly
dynamic systems with high turnover of coral colonies, and although individual colonies
may not be long lived, the populations may persist over time (Jaap et al., 2006).

Survival of coral transplants varies by species, substrate type, environmental
conditions (e.g., salinity, sedimentation, temperature, nutrients), experimental methods,
orientation, site, duration of investigations, spatial arrangement (e.g., Yap et al., 1992;
Rinkevich, 1995; Smith and Hughes, 1999; Nagelkerken et al., 2000; Rinkevich, 2000;
Raymundo, 2001; Soong and Chen, 2003; Yap, 2004; Sleeman et al., 2005), and less
clearly, initial size of transplant. Results from this study reinforce known findings: 1)
transplant survival is directly dependent on size (e.g., Highsmith et al., 1980; Liddle and
Kay, 1987; Smith and Hughes, 1999; Bowden-Kerby, 2001; Lindahl, 2003; this study Fig.
5, A. palmata only); 2) transplant survival varies among species; and 3) fragment/transplant
mortality is greatest in the first year following disturbance (e.g., Knowlton et al., 1981;
Clark and Edwards, 1995; Smith and Hughes, 1999; Lirman, 2000; Bowden-Kerby, 2001;
this study, Fig. 3). Survival of coral fragments has been reported to be directly dependent
on size in numerous studies (e.g., Highsmith et al., 1980; Smith and Hughes, 1999;
Bowden-Kerby, 2001; Bruckner and Bruckner, 2001; Lindahl, 2003). However, others
have found an inverse correlation (Rogers et al., 1982), no relation between survival and
initial size (survival and growth were genet and not size dependent; Rinkevich, 2000), or
mixed results (small fragments had the lowest rates of survival, but survival among larger
fragments was not related to size; Bruno, 1998). Conventional wisdom holds that larger

fragments have greater chances of survival because they have more resources to draw upon
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for calcification and for coping with the physical stresses of abrasion, predation, disease,
and transplantation. Conversely, the greater surface area of larger fragments makes them
more vulnerable to displacement by water motion (Linares et al., 2008) and, possibly, to
predation and disease (Grober-Dunsmore et al., 2006).

Survival of 4. cervicornis transplants at 7 months in this study was similar to that
reported by Bowden-Kerby (2001). Bruckner and Bruckner (2001) reported somewhat
higher survival (57%) of 4. palmata fragments 2 years after reattachment following a ship
grounding at Mona Island, Puerto Rico. The difference in survival of reattached 4. palmata
fragments between Mona Island (Bruckner and Bruckner (2001) and this study may have
been due in part to physical properties of attachment materials - nylon cable ties stretch
more easily than stainless-steel wire. However, Bruckner and Bruckner (2001) reported
higher survival of fragments secured with cable ties than with wire. Considering the
overall low survival of the three species in this study, environmental conditions on the
study reefs (even in a protected National Park) may not have been as conducive to coral
survival and growth as in the oceanic waters of Mona Island.

The method selected here to affix fragments to substrate was simple, easy, fast, and
inexpensive compared to other methods and can successfully be used by community
volunteers with minimal training. Wire may have been more effective in securing
fragments to dead coral in shallow water over time because wire stretches less than cable
ties. However, wire has been reported to have severely abraded coral (e.g., 4. palmata
fragments at the Fortuna Reefer grounding site; Jaap, personal communication) and can
produce more far-reaching and indirect effects. Iron, a major component of stainless-steel

wire and a limiting micronutrient in the reef environment, can stimulate microbial growth
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and may induce pathogenicity or virulence in normally benign microbes in the reef
environment, triggering disease (Weinberg, 1996). Iron also stimulates growth of
macroalgae (Bruckner and Bruckner, 2001) that in turn can physically abrade corals and
secrete compounds that enhance microbial growth (Smith et al., 2006). Although
inexpensive, simple, and widely available, monofilament line can damage coral tissue and
can stretch over time, allowing the fragment to be dislodged. Cement and epoxy are
commonly used attachment media but are more expensive, logistically complex, and
require a clean substrate and, usually, trained divers using scuba.

Natural disturbances such as storms (Stoddart, 1962; Shinn, 1966; Rogers et al.,
1982; Hughes, 1994), disease (Gladfelter, 1982; Harvell et al., 1999; Aronson and Precht,
2001a), and predation (Chesher, 1969; Knowlton et al., 1990) are well-known agents of
mortality on coral reefs (Hughes and Connell, 1999). The primary cause of mortality in
this study was the dislodgement of entire coral colonies by strong ocean swells (Fig. 3). No
delayed mortality, such as that reported by Knowlton and colleagues (1981, 1990), was
observed following passage of a Category 5 hurricane 5 months after this study began. A
combination of transplant effect (for 4. palmata only), size differences between transplants
and control colonies, and serial damage from multiple winter storms may have obscured a
delayed-mortality signal. Surprisingly, damage to colonies was not a predictor of colony
mortality, as has been reported for branching colonies in the Pacific (Cumming, 2002).
Some A. palmata colonies grew rapidly after being damaged repeatedly, while other
colonies with little loss of tissue or skeleton died. Increase in colony size varied
dramatically among individual transplants that survived for 5 years and was not related to

site or environmental conditions. Although disease and predation are known to be
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important drivers in shaping reef communities (e.g., Knowlton et al., 1990; Harvell et al.,
1999; Aronson and Precht, 2001a), both appeared to play minor roles in the mortality of
corals followed in this study. Similarly, direct damage from human activities (e.g.,
Woodland and Hooper, 1977; Liddle and Kay, 1987; Tilmant, 1987; Hawkins and Roberts,
1992; Rodgers and Cox, 2003; Epstein et al., 2005) was not observed to be a major factor.
Extrinsic factors such as physical breakage from swells and intrinsic factors such as genetic
differences in calcification (cementing to the substrate and skeletal growth) appeared to
drive the survival and growth of individual 4. pal/mata colonies. However, genetic/intrinsic
effects, key factors in survival of colonies, were not controlled for in this study. Overall, the
high mortality rates of control and transplant fragments of all three species point to
underlying environmental and/or intrinsic conditions unfavorable to survival (Birkeland,
2004). As Hay and colleagues (2004) point out, subtle changes in the environment and

organism interactions can shift conditions for coral survival from favorable to unfavorable.

5. Conclusions

This small-scale study sought to test the feasibility of using storm-generated coral
fragments as transplants. Storm swells routinely produce an abundant supply of 4. palmata
fragments (Highsmith, 1982; Fong and Lirman, 1995; Grober-Dunsmore et al., 2006) and
results from this 5-year study showed that storm-generated 4. palmata fragments provide a
viable source of coral for transplantation to degraded or damaged reefs. Fragment survival
is maximized, and damage to intact colonies from loose corals is minimized for A. palmata,

a key reef-building species listed as threatened. Conversely, the scarcity of fragments and
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nearly 100% mortality of A. cervicornis and P. porites transplants and controls underscore
that not all species are good candidates for transplantation of naturally produced fragments.
The method investigated here was found to be simple, inexpensive, and easily conducted by
community volunteers. This approach seems to be particularly suited for small-scale
damage repair or reef enhancement conducted by reef managers and local communities in
locations with limited resources. The approach is not suitable for scaling-up to address
thousands of square meters or greater swaths of reef at the island or regional scale, or as the
sole strategy for conserving threatened coral species.

To reiterate, damaged and degraded reefs cannot be restored or rehabilitated to their
original condition. Until the basic processes driving declines on coral reefs worldwide are
understood and forcing factors such as increasing human-population pressures on marine
and coastal resources are addressed, the future does not look bright for coral reefs.
However, there is a place for small-scale rehabilitation efforts. For little expense and using
readily available materials, local communities can effectively, albeit modestly: 1) increase
the live coral cover and spatial complexity of a reef without damaging other reefs; 2)
minimize damage to intact corals by stabilizing loose fragments; 3) decrease incidence of
reef damage from humans through community education; and, 4) contribute to the
conservation of threatened species (in this case 4. palmata). Conducted at multiple
locations throughout a region and sustained over time, these efforts become regional in

scale and may buy time for threatened coral species and reefs.

Acknowledgments

Garrison & Ward 22 10 September 2008
Biological Conservation



10

11

12

13

14

15

16

17

18

19

20

21

22

23

This publication is dedicated in memory of M. Quade who infused the project with
curiosity, enthusiasm, and joy. The coral reef conservation and ecology education
components of the study exceeded all expectations and extended far beyond the local
Virgin Islands community to a global audience thanks to the enthusiasm and dedicated field
work of: S. Caseau, D. Downs, T. Kelley, E. Link, W. Stelzer, R. Waara, 70 community
volunteers, the Pine Peace School 5"- and 6™-grade science classes, and the Friends of
Virgin Islands National Park (B. Bremser-Nielsen and J. Garrison). Thanks to C. Rogers
for fruitful discussions that were instrumental in project design, and to I. Kuffner, W. Jaap,
and anonymous reviewers for their constructive and thought-provoking comments. The
project was funded by the National Park Foundation and Canon U.S.A., Inc., Virgin Islands
National Park, and the U.S Geological Survey. This research was conducted under NPS
permits #VIIS-2002-SCI-0012 (VIIS-0217), VIIS-2004-SCI-0023 (VIIS-04020). The
authors have declared that no competing interests exist. Any use of trade names is for

descriptive purposes only and does not imply endorsement by the U.S. Government.

References

Acropora Biological Review Team, 2005. Atlantic Acropora status review document.
Report to National Marine Fisheries Service, Southeast Regional Office, 18

February 2005. 126 p + app.

Agresti, A., 1996. An Introduction to Categorical Data Analysis. John Wiley and Sons,

New York.

Garrison & Ward 23 10 September 2008
Biological Conservation



10

11

12

13

14

15

16

17

18

19

20

21

22

23

Aronson, R.B., Maclntyre, I.G., Precht, W.F., Murdoch, T.J.T., Wapnick, C.M., 2002. The
expanding scale of species turnover events on coral reefs in Belize. Ecological

Monographs 72, 233-249.

Aronson, R.B., Precht, W.F., 1997. Stasis, biological disturbance, and community structure

of a Holocene coral reef. Paleobiology 23, 326-346.

Aronson, R.B., Precht, W.F., 2001a. White-band disease and the changing face of

Caribbean coral reefs. Hydrobiologia 460, 25-38.

Aronson, R.B., Precht, W.F., 2001b. Evolutionary paleoecology of Caribbean coral reefs,
in: Allmon, W.D., Bottjer, D.J. (Eds.), Evolutionary Paleoecology: The Ecological
Context of Macroevolutionary Change. Columbia University Press, New York, pp

171-233.

Beebe, W., 1937. Beneath Tropic Seas: A Record of Diving Among the Coral Reefs of

Haiti. Halcyon House Publishers, New York.

Bellwood, D.R., Hughes, T.P, Folke, C., Nystrém, M., 2004. Confronting the coral reef

crisis. Nature 429, 827-833.

Birkeland, C., 2004. Ratcheting down the coral reefs. BioScience 54, 1021-1027.

Garrison & Ward 24 10 September 2008
Biological Conservation



10

11

12

13

14

15

16

17

18

19

20

21

22

23

Bowden-Kerby, A., 2001. Low-tech coral reef restoration methods modeled after natural

fragmentation processes. Bulletin of Marine Science 69, 915-931.

Briggs, J.C., 2005. Coral reefs: Conserving the evolutionary sources. Biological

Conservation 126, 297-305.

Bruckner, A.W., Bruckner, R.J., 2001. Condition of restored Acropora palmata fragments
off Mona Island, Puerto Rico, 2 years after Fortuna Reefer ship grounding. Coral

Reefs 20, 235-243.

Bruno, J.F., 1998. Fragmentation of Madracis mirabilis (Duchassaing and Michelotti): how
common is size-specific fragment survivorship in corals? Journal of Experimental

Marine Biology and Ecology 230, 169-181.

Chesher, R.H., 1969. Destruction of Pacific coral by Acanthaster planci. Science 165, 280-

283.

Clark, S., Edwards, A.J., 1994. Use of artificial reef structures to rehabilitate reef flats

degraded by coral mining in the Maldives. Bulletin of Marine Science 55, 724-744.

Clark, S., Edwards, A.J., 1995. Coral transplantation as an aid to reef rehabilitation:

evaluation of a case study in the Maldive Islands. Coral Reefs 14, 201-213.

Garrison & Ward 25 10 September 2008
Biological Conservation



10

11

12

13

14

15

16

17

18

19

20

21

22

Cumming, R.L., 2002. Tissue injury predicts colony decline in reef-building corals. Marine

Ecology Progress Series 242, 131-141.

Davis, G.E., 1977. Anchor damage to a coral reef on the coast of Florida. Biological

Conservation 11, 29-34,

Edwards, A.J., Clark, S., 1998. Coral transplantation: a useful management tool or

misguided meddling? Marine Pollution Bulletin 37, 474-487.

Engqvist, L., 2005. The mistreatment of covariate interaction terms in linear model
analyses of behavioural and evolutionary ecology studies. Animal Behaviour 70,

967-971.

Epstein, N., Bak, R.P.M., Rinkevich, B., 2003. Applying forest restoration principles to
coral reef rehabilitation. Aquatic Conservation: Marine and Freshwater Ecosystems

13, 387-395.

Epstein, N., Vermeij, M.J.A., Bak, R.P.M., Rinkevich, B., 2005. Alleviating impacts of
anthropogenic activities by traditional conservation measures: can a small reef

reserve by sustainably managed? Biological Conservation 121, 243-255.

Garrison & Ward 26 10 September 2008
Biological Conservation



10

11

12

13

14

15

16

17

18

19

20

21

22

23

Fong, P., Lirman, D., 1995. Hurricanes cause population expansion of the branching coral
Acropora palmata (Scleractinia): wound healing and growth patterns of asexual

recruits. Marine Ecology 16, 317-335.

Fox, H.E., Mous, P.J., Pet, J.S., Muljad, A.H., Caldwell, R.L., 2005. Experimental
assessment of coral reef rehabilitation following blast fishing. Conservation Biology

19, 98-107.

Gardner, T.A., Cote, LM., Gill, J.A., Grant, A., Watkinson, A.R., 2003. Long-term region-

wide declines in Caribbean corals. Science 301, 958-960.

Gladfelter, E.H., Monohan, R.K., Gladfelter, W.B., 1978. Growth rates of five reef-building

corals in the northeastern Caribbean. Bulletin of Marine Science 28, 728-734.

Gladfelter, W.B., 1982. White band disease in Acropora palmata: implication for the

structure and growth of shallow reefs. Bulletin of Marine Science 32, 639-643.

Goreau, T.F., 1959. The ecology of Jamaican coral reefs. 1. Species composition and

zonation. Ecology 40, 67-90.

Greenwood, M., 1926. Professor Tschuprow on the Theory of Correlation. Journal of the

Royal Statistical Society 89, 320-325.

Garrison & Ward 27 10 September 2008
Biological Conservation



10

11

12

13

14

15

16

17

18

19

20

21

22

23

Grober-Dunsmore, R., Bonito, V., Frazer, T.K., 2006. Potential inhibitors to recovery of
Acropora palmata populations in St. John, US Virgin Islands. Marine Ecology

Progress Series 321, 123-132.

Harriott, V.J., Fisk, D.A., 1988. Coral transplantation as a reef management option.

Proceedings of the 6™ International Coral Reef Symposium, 375-379.

Harvell, C.D., Kim, K., Burkholder, .M., Colwell, R.R., Epstein, P.R., Grimes, D.J.,
Hofmann, E.E., Lipp, E.K., Osterhaus, A.D.M.E., Overstreet, R.M., Porter, J.W.,
Smith, G.W., Vasta, G.R., 1999. Emerging marine diseases--climate links and

anthropogenic factors. Science 285, 150 —1510.

Hawkins, J.P., Roberts, C.M., 1992. Effects of recreational SCUBA diving on fore reef

slope communities of coral reefs. Biological Conservation 62, 171-178.

Hay, M.E., Parker, J.D., Burkepile, D.E., Caudhill, C.C., Wilson, A.E., Hallinan, Z.P.,
Chequer, A.D., 2004. Mutualisms and aquatic community structure: the enemy of
my enemy is my friend. Annual Review of Ecology, Evolution, and Systematics

35, 175-197.

Highsmith, R.C., 1982. Reproduction by fragmentation in corals. Marine Ecology Progress

Series 7, 207-226.

Garrison & Ward 28 10 September 2008
Biological Conservation



10

11

12

13

14

15

16

17

18

19

20

21

22

23

Highsmith, R.C., Riggs, A.C., D’ Antonio, C.M., 1980. Survival of hurricane-generated
coral fragments (Acropora palmata) and a disturbance model of reef-

calcification/growth rates. Oecologia 46, 322-329.

Hubbard, D.K., Zankl, H., Heerden, 1.D., Gill, I.P., 2005. Holocene reef development along
the northeastern St. Croix shelf, Buck Island, U.S. Virgin Islands. Journal of

Sedimentary Research 75, 97-113.

Hudson, J.H., Robbin, D.M., Tilmant, J.T., Wheaton, J.W., 1989. Building a coral reef in
SE Florida: combining technology with aesthetics. Bulletin of Marine Science 44,

1067.

Hughes, T.P., 1994. Catastrophes, phase shifts and large-scale degradation of a Caribbean

coral reef. Science 265: 1547-1551.

Hughes, T.P., Connell, J.H., 1999. Multiple stressors on coral reefs: a long-term

perspective. Limnology and Oceanography 44, 932-940.

Jaap, W.C., 2000. Coral reef restoration. Ecological Engineering 15, 345-364.

Jaap, W.C., Hudson, J.H., Dodge, R.E., Gilliam, D., Shaul, R., 2006. Coral reef restoration
with case studies from Florida, in: Cote, .M., Reynolds, J.D. (Eds.), Coral Reef

Conservation. Cambridge University Press, Cambridge, UK, pp. 478-514.

Garrison & Ward 29 10 September 2008
Biological Conservation



10

11

12

13

14

15

16

17

18

19

20

21

22

Kaufman, L., 2006. If you build it, will they come? Toward a concrete basis for coral reef
gardening, in: Precht, W.F. (Ed.), Coral Reef Restoration Handbook. Chemical

Rubber Company, Taylor and Francis, Boca Raton, Florida, pp. 119-142.

Knowlton, N., Lang, J.C., Keller, B.D., 1990. Case study of natural population collapse:
post-hurricane predation on Jamaican staghorn corals. Smithsonian Contributions to

Marine Science 31, 1-25.

Knowlton, N., Lang, J.C., Rooney, M.C., Clifford, P., 1981. Evidence of delayed mortality

in hurricane-damaged Jamaican staghorn corals. Nature 294, 251-252.

Liddle, M.J., Kay, A.M., 1987. Resistance, survival and recovery of trampled corals on the

Great Barrier Reef. Biological Conservation 42, 1-18.

Linares, C., Coma, R., Zabala, M., 2008. Restoration of threatened red gorgonian
populations: an experimental and modeling approach. Biological Conservation 141,

427-437.

Lindahl, U., 2003. Coral reef rehabilitation through transplantation of staghorn corals:

effects of artificial stabilization and mechanical damages. Coral Reefs 22, 217-223.

Garrison & Ward 30 10 September 2008
Biological Conservation



10

11

12

13

14

15

16

17

18

19

20

21

22

Lirman, D., 2000. Fragmentation in the branching coral Acropora palmata (Lamarck):
growth, survivorship, and reproduction of colonies and fragments. Journal of

Experimental Marine Biology and Ecology 251, 41-57.

Lirman, D., Fong, P., 1997. Patterns of damage to branching coral Acropora palmata
following Hurricane Andrew: damage and survivorship of hurricane-generated

recruits. Journal of Coastal Research 13, 67-72.

Maragos, J.E., 1974. Coral transplantation: a method to create, preserve, and manage coral

reefs. Hawaii University Sea Grant Advanced Report, 35 p.

Nagelkerken, 1., Bouma, S., van den Akken, S., Bak, R.P.M., 2000. Growth and survival of
unattached Madracis mirabilis fragments transplanted to different reef sites, and the

implication for reef rehabilitation. Bulletin of Marine Science 66, 497-505.

Nagelkerken, 1., Nagelkerken, W. P., 2004. Loss of coral cover and biodiversity on shallow
Acropora and Millepora reefs after 31 years on Curacao, Netherlands Antilles.

Bulletin of Marine Science 74, 213-233.

Pandolfi, J.M., Jackson, J.B.C., Baron, N., Bradbury, R.H., Guzman, H.M., Hughes, T.P.,
Kappel, C.V., Micheli, F., Ogden, J.C., Possingham, H.P., Sala, E., 2005. Are U.S.

coral reefs on the slippery slope to slime? Science 307, 1725-1726.

Garrison & Ward 31 10 September 2008
Biological Conservation



10

11

12

13

14

15

16

17

18

19

20

21

22

Patterson, K.L., Porter, J.W., Ritchie, K.B., Polson, S.W., Mueller, E., Peters, E.C.,
Santavy, D.L., Smith, G.W., 2002. The etiology of white pox, a lethal disease of the
Caribbean elkhorn coral, Acropora palmata. Proceedings of the National Academy

of Sciences 99, 8725-8730.

Peng, C.J., Lee, K.L., Ingersoll, G.M., 2002. An introduction to logistic regression and

reporting. Journal of Educational Research 96, 3-14.

Plucer-Rosario, G., Randall, R.H., 1987. Preservation of rare coral species by
transplantation and examination of their recruitment and growth. Bulletin of Marine

Science 41, 585-593.

Potts, D.C., Done, T.J., Isdate, P.J., Fisk, D.A., 1985. Dominance of a coral community by

the genus Porites (Scleractinia). Marine Ecology Progress Series 23, 79-84.

Raymundo, L.J., 2001. Mediation of growth by conspecific neighbors and the effect of site
in transplanted fragments of the coral Porites attenuata Nemenzo in the central

Philippines. Coral Reefs 20, 263-272.

Rinkevich, B., 1995. Restoration strategies for coral reefs damaged by recreational

activities: the use of sexual and asexual recruits. Restoration Ecology 3, 241-251.

Garrison & Ward 32 10 September 2008
Biological Conservation



10

11

12

13

14

15

16

17

18

19

20

21

22

Rinkevich, B., 2000. Steps toward the evaluation of coral reef restoration by using small

branch fragments. Marine Biology 136, 807-812.

Rodgers, K.S., Cox, E.F., 2003. The effects of trampling on Hawaiian corals along a

gradient of human use. Biological Conservation 112, 383-389.

Rogers, C.S., 1999. Dead Porites patch reefs, St. John, US Virgin Islands. Coral Reefs 18,

254.

Rogers, C.S., Suchanek, T.H., Pecora, F.A., 1982. Effects of Hurricanes David and Frederic
(1979) on shallow Acropora palmata reef communities: St. Croix, USVI. Bulletin

of Marine Science 32, 532-548.

Shinn, E.A., 1966. Coral growth rate, an environmental indicator. Journal of Paleontology

40, 233-240.

Shinn, E.A., 1976. Coral reef recovery in Florida and the Persian Gulf. Environmental

Geology 1, 241-254.

Shinn, E.A., Reich, C.D., Hickey, T.D., Lidz, B.H., 2003. Staghorn tempestites in the

Florida Keys. Coral Reefs 22, 91-87.

Garrison & Ward 33 10 September 2008
Biological Conservation



10

11

12

13

14

15

16

17

18

19

20

21

22

Singer, J.D., Willett, J.B., 2003. Applied Longitudinal Data Analysis: Modeling Change

and Event Occurrence. Oxford University Press, New York.

Sleeman, J.C., Boggs, G.S., Radford, B.C., Kendrick, G.A., 2005. Using agent-based
models to aid reef restoration: enhancing coral cover and topographic complexity
through the spatial arrangement of coral transplants. Restoration Ecology 13, 685-

694.

Smith, J.E., Shaw, M., Edwards, R.A., Obura, D., Pantos, O., Sala, E., Sandin, S.A.,
Smriga, S., Rohwer, F.L., 2006. Indirect effects of algae on coral: algae-mediated,

microbe-induced coral mortality. Ecology Letters 9, 835-845.

Smith, L.D., Hughes, T.P., 1999. An experimental assessment of survival, re-attachment
and fecundity of coral fragments. Journal of Experimental Marine Biology and

Ecology 235, 147-164.

Soong, K., Chen, T.-1., 2003. Coral transplantation: regeneration and growth of Acropora

fragments in a nursery. Restoration Ecology 11, 62-71.

Stoddart, D.R., 1962. Catastrophic storm effects on the British Honduras reefs and cays.

Nature 196, 512-515.

Garrison & Ward 34 10 September 2008
Biological Conservation



10

11

12

13

14

15

16

17

18

19

20

21

22

23

Tilmant, J.T., 1987. Impacts of recreational activities on coral reefs, in: Salvat, B. (Ed.),
Human Impacts on Coral Reefs: Facts and Recommendations. Antenne Museum

E.P.H.E., French Polynesia, pp. 195-214.

Tunnicliffe, V., 1981. Breakage and propagation of the stony coral Acropora cervicornis.

Proceedings of the National Academy of Sciences USA 78, 2427-2431.

Vargas-Angel, B., Thomas, J.D., 2002. Sexual reproduction of Acropora cervicornis in

nearshore waters off Ft. Lauderdale, Florida, USA. Coral Reefs 21, 25-26.

Vargas—Angel, B., Thomas, J.D., Hoke, S.M., 2003. High-latitude Acropora cervicornis

thickets off Fort Lauderdale, Florida, USA. Coral Reefs 22, 465-473.

Weil, E., 2004. Coral reef diseases in the wider Caribbean, in: Rosenberg, E., Loya, Y.

(Eds.), Coral Disease and Health. Springer-Verlag, Heidelberg, pp. 35-68.

Weinberg, E.D., 1996. Acquisition of iron and other nutrients in vivo, in: Roth, J., et al.
(Eds.), Virulence Mechanisms of Bacterial Pathogens. American Society for

Microbiology, Washington (DC), pp. 79-94.

Woodland, D.J., Hooper, N.A., 1977. The effects of human trampling on coral reefs.

Biological Conservation 11, 1-4.

Garrison & Ward 35 10 September 2008

Biological Conservation



Yap, H.T., 2000. The case for restoration of tropical coastal ecosystems. Ocean and Coastal

Management 43, 841-851.

Yap, H.T., 2004. Differential survival of coral transplants on various substrates under

elevated water temperatures. Marine Pollution Bulletin 49, 306-312.

Yap, H.T., Alifio, P.M., Gomez, E.D., 1992. Trends in growth and mortality of three coral
species (Anthozoa: Scleractinia), including effects of transplantation. Marine

Ecology Progress Series 83, 91-101.

Garrison & Ward 36 10 September 2008
Biological Conservation



10

11

12

13

14

15

16

17

18

19

20

21

Figure Captions

Fig. 1 - Map of St. John, U.S. Virgin Islands, and study reefs: Donor reefs (H=Hawksnest
Bay; L=Leinster Bay; S=Scott Beach) and transplant-recipient reefs (T=Trunk Cay;

W=Whistling Cay).

Fig. 2 - Two transplanted Acropora palmata fragments of similar initial size at t=0 and t=5
yrs: A. #127 at t=0; B. #124 at t=0; C. #127 at t=5 yrs; D. #124 at t= Syrs. Fragments were

attached to the dead-coral substrate using nylon cable ties (t = time).

Fig. 3 - Percent of colonies that survived, disappeared, or died for each coral species by

transplant status over time.

Fig. 4 — (a) Proportion of Acropora palmata control colonies, and all A. cervicornis and P.
porites colonies that survived with time, and (b) proportion of 4. palmata control colonies
and transplants that survived across time periods. Standard errors presented with

proportion measurements are Greenwood’s approximations.

Fig. 5 - Mean probability of mortality of Acropora palmata control-coral colonies across

any given year with maximum linear size.
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Table 1 - The numbers of monitored control colonies and transplanted fragments are shown
for each species (Acropora cervicornis, A. palmata, and Porites porites) by site. Source
reefs of transplanted fragments are indicated. Location of each transplant and donor reef

site is given in latitude and longitude in degrees.

Site Location  Coral species # Control =~ # Fragments  Source of
St. John, US latitude, colonies transplanted  transplanted
Virgin Islands  longitude monitored  to site fragments
(degrees) at site
Trunk Cay 18.353 N A. cervicornis 15 Scott Bay
64.763W  A. palmata 15 Hawksnest Bay
P. porites 15 Scott Beach
Hawksnest Bay  18.347 N A. palmata 15
64.780W  P. porites 15
Whistling Cay 18.372 N A. palmata 15 15 Leinster Bay
64.747TW
Leinster Bay 18.363 N  A. cervicornis 15
64.750W  A. palmata 15
Total colonies A. cervicornis 15 15
A. palmata 45 30
P. porites 15 15
All species 75 60
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Table 2 - Mean transplant-fragment and control-colony size (in cm), and t-test results for
mean log size differences are shown for Acropora cervicornis, A. palmata, and Porites
porites. Individual colony sizes were taken from maximum linear field measurements
(Acropora cervicornis, A. palmata) or estimated planar area (P. porites). SE = standard

error, n = number, t = t-test result, and p = significance (a < 0.05).

. Initial control colony size Initial transplant size t-test Results
Species

Mean SE n Mean SE  n t p

Acropora cervicornis 71.6 cm 11.7 15 30.7 cm 27 15 35 0.002

A. palmata 25.4 cm 1.9 45 17.9 cm 1.7 30 28 0.006
Porites porites 2493 cm® 421 15 50.4 cm’ 85 15 58 <0.001
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Table 3 - Reduced model, logistic regression results of the survival probability of 135
corals, monitored for five consecutive years. Logit parameter estimates (/3) and standard
errors, Wald’s chi-square statistics (Wald X°) and significance test results (p), and overall
reduced-model fit are shown. The reduced model excludes those factors that did not

significantly contribute to the values of the dependent variable (i.e., survival).

Effect Level B SEp  Wald X’ p
Time Linear -0.210  0.096 4.79 0.029
Species Acropora cervicornis -0.700  0.390 3.22 0.073
A. palmata -0.810  0.292 7.70 0.006
Porites porites -0.730  0.226 10.44 0.001
Species x Time A. cervicornis x time 0.636 0.181 12.32 <0.001
Species x Transplant 4. palmata % transplant 0.840 0.291 8.32 0.004
Model Fit -2*Log Likelihood d.f. p
Reduced Model* 420.71 393 <0.001

* Significance test results for the overall reduced model fit are relative to a constant time effects model (i.e.,
intercept only, base-line hazard does not vary across time periods; Deviance = 451.47, d.f. = 398).
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Table 4 - Reduced-model, logistic regression parameter estimates of the probability of
mortality of Acropora palmata based on log;p maximum linear colony size and transplant
or control-colony status, at each time period. In the reduced model, Year 1 was the only
period that showed a significant difference between control and transplant colony survival.
However, Wald’s chi square (Wald X°) significance test results indicate control and
transplant survival also differed in Year 2 (not shown). There was a significant difference

in colony survival based on log;p maximum linear colony size.

Level B SE g Wald X’ p
Intercept 0.430 0.657 0.430 0.512
Log Maximum. Size -1.600 0.505 10.049 0.002
Transplant Year 1 0.880 0.335 6.900 0.009
Model Fit -2*Log Likelihood d.f. p
Reduced Model* 219.96 237 <0.001

* Significance test results for the overall reduced-model fit are relative to a constant time-
effects model [i.e., intercept only, baseline hazard does not vary across time periods;
Deviance = 239.30, degrees of freedom (d.f.) = 239].
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Figure 2
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